Closure of large skin wounds (i.e., burns, congenital giant nevus, reconstruction of traumatic injury) with split-thickness skin grafts requires extensive harvesting of autologous skin. Composite grafts consisting of collagen-glycosaminoglycan (GAG) substrates populated with cultured dermal fibroblasts and epidermal keratinocytes were tested in a pilot study on full-thickness burn wounds of three patients as an alternative to split-thickness skin. Light microscopy and transmission electron microscopy showed regeneration of epidermal and dermal tissue by 2 weeks, with degradation of the collagen-GAG implant associated with low numbers of leukocytes, and deposition of new collagen by fibroblasts. Complete basement membrane, including anchoring fibrils and anchoring plaques, is formed by 2 weeks, is mature by 3 months, and accounts for the absence of blistering of healed epidermis. All skin antigens tested (involucrin, filaggrin, laminin, collagens IV and VII, fibronectin, and chondroitin-sulfate) were expressed by 16 days after grafting. This cultured skin analogue provides an experimental alternative to split-thickness skin graft that develops histiotypic markers of skin anatomy and antigen expression after wound closure. (Plast. Reconstr. Surg. 9 1 : 632, 1993.) Closure of full-thickness skin wounds is accomplished safely and effectively by grafting of split thickness autologous skin as sheets or However, inadequate availability of skin autograft in large total body surface area burns has led to development of alternative materials from ex vivo and in vitro sources4-" for repair of epidermal and/or dermal skin. These materials are applied in either one or two surgical procedures. Cultured epidermal auto graft^^.^'^ are administered over fascia, granulation tissue, or a110 dermis, but are known to blister and ulcerate from slow development of dermal-epidermal junction (DEJ) for several months after grafting.7,"-13 By contrast, skin analogues with mesenchymal and epithelial components that are applied in one procedure are reported not to blister after regeneration of epidermal t i s~u e~~'~ in greater similarity to split-thickness skin autograft.
Closure of full-thickness skin wounds is accomplished safely and effectively by grafting of split thickness autologous skin as sheets or However, inadequate availability of skin autograft in large total body surface area burns has led to development of alternative materials from ex vivo and in vitro sources4-" for repair of epidermal and/or dermal skin. These materials are applied in either one or two surgical procedures. Cultured epidermal auto graft^^.^'^ are administered over fascia, granulation tissue, or a110 dermis, but are known to blister and ulcerate from slow development of dermal-epidermal junction (DEJ) for several months after grafting.7,"-13 By contrast, skin analogues with mesenchymal and epithelial components that are applied in one procedure are reported not to blister after regeneration of epidermal t i s~u e~~'~ in greater similarity to split-thickness skin autograft.
T o provide maximum availability of skin substitutes for permanent closure of full-thickness burns, composite grafts consisting of cultured autologous keratinocytes and fibroblasts attached to collagen-glycosaminoglycan (GAG) substrates can be prepared consistently and stored conveniently in large q~a n t i t i e s .~. '~-" This pilot study describes initial evidence that normal markers of epidermal differentiation (inv o l~c r i n ,~~ filaggrinlg), DEJ (collagens IV and VII,20 laminin21), and dermis ( f i b r o n e~t i n ,~~ chondroitin-sulfate23) are expressed by 16 days after grafting of this cultured skin analogue onto full-thickness excised burns in pediatric patients. Microscopic analyses of patient biopsies beginning 2 weeks after grafting confirm development of skin anatomy and ultrastructure corresponding to antigenic markers of normal human skin. Together, these qualitative data demonstrate that a cultured cell-biopolymer implant
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can be applied in a single procedure, and can rapidly regenerate epithelial and mesenchymal tissues for skin wound repair. Early formation of DEJ eliminates complications of skin blistering and ulceration associated with application of cultured epidermal autografts after enzymatic release from tissue culture vessels. Increased availability of cultured skin compared to skin autograft for large skin loss injuries may decrease requirements for donor skin for completion of wound closure.
METHODS AND MATERIALS

Patient Information
Three patients admitted to the Shriners Burns Institute in Cincinnati were enrolled by informed consent into a clinical study of cultured skin grafts (CSG) for burn treatment that was approved by the University of Cincinnati Institutional Review Board (IRB). Patient information is summarized in Table I . Two patients were 3 years old and one was 14 years old at the time of grafting. Full-thickness burn size ranged from 65 to 80 percent, and the size of the area grafted with CSG ranges from 120 to 2 16 cm2 (two or three grafts, 8.5 X 8.5 cm each).
Graft Preparation and Composition
Biopsies ranging in size from 10 to 20 cm2 were collected at the first scheduled skin graft procedure after acquisition of informed consent. Epidermal keratinocytes and dermal fibroblasts were isolated by enzymatic and mechanical disaggregation and cultured in selective nutrient media for each cell type as previously des~r i b e d .~~'~-"~~~ After propagation of each cell type to very large numbers, dermal fibroblasts were inoculated onto the porous surface of collagen-GAG substrate^.^^'^^" One day later, substrates were inverted to orient the nonporous lamination on top, and epidermal keratinocytes were inoculated to cover substrate surfaces. After inoculation, cultured cell-collagen-GAG composites were cultured from 4 to 14 days in serum-free medium MCDB 153 either submerged or lifted to the air-liquid interf a~e .~~,~~,~~ For 24 hours before surgery, grafts were incubated in medium in which 1 to 10 ng/ml epidermal growth factor was replaced with 10 ng/ml basic fibroblast growth factor.
Surgical Application, Dressings, and Wound Care
Sites receiving cultured grafts included the abdomen, flank, back, and knee. Wounds were excised to viable tissue (fat or deep dermis) and soaked overnight in wet dressings with 0.5% Sulfamylon (mafenide acetate) solution (administered under separate IRB approval). T h e following day, wounds were irrigated well with saline, and composite cultured grafts were placed onto wounds with a backing of N-Terface and stapled to the wound bed. Grafts were then covered either with dry dressings consisting of Xeroform gauze, cotton gauze bolster, and spandex, or with wet dressings consisting of fine mesh gauze, cotton gauze, perforated red rubber catheters (0.5 cm diameter), additional cotton gauze, and spandex stapled to surrounding skin. Wet dressings were irrigated with antimicrobial solutions administered through catheters at 2-hour intervals on a protocol of 0.5% Sulfamylon solution followed by two additions of double antibiotic (DAB; 40 pg/ml neomycin sulfate and 200 units/ml polymyxin B sulfate). Wet or dry dressings were changed on day 2 o r 3 and on day 5, at which time wet dressings were discontinued. Thereafter, all dressings were changed twice daily with Adaptic and Aquaphor containing bacitracin-zinc ointment (500 pg/gm), or 3 parts bacitracin ointment plus part 1 % silver sulfadiazine cream. Grafted wounds were observed at each dressing change until day 5 and once daily until day 10. After reepithelialization was complete, .pressure garments were applied to the grafted sites.
Light and Transmission Electron Microscopy (LM and TEM)
Biopsies (3 mm) for LM and TEM were collected under general o r local anesthesia from patients after 14 days, approximately 1 month, and approximately 3 months, as indicated in Ta-
FIG. 2. Clinical result. Toppanel: Ten days after grafting
keratinized epithelium covers greater than 50 percent of the left abdomen (*, treated area), and several islands of keratinized epithelium (arrowheads) develop that later grow radially and coalesce to form contiguous epithelium. Bottom panel: Six weeks after grafting and use of pressure dressings, the treated area is smooth, remains closed, and does not blister. Scaie in centimeters. ble I. Biopsies were rinsed in saline, bisected, and fixed in 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M Na cacodylate buffer, pH 7.4, and subsequently processed by standard TEM methods.
ImmunoJuorescence Microscopy and Skin Antigens
Comparison was made of skin tissue regenerated after application of cultured skin grafts to ungrafted cadaver skin (control) by indirect immunofluorescence with a limited panel of monoclonal antibodies to skin antigens. T h e panel included: (1) involucrin of stratum corneum; (2) filaggrin of stratum granulosum; (3) collagen type IV of basement membrane lamina densa; (4) laminin of lamina lucida; (5) collagen type VII of anchoring fibrils; (6) fibronectin; and (7) chondroitin-sulfate of dermis. All primary antibodies were reacted with unfixed cryostat sections (3-6 pm) of skin samples on glass slides, followed by reaction with biotinylat&d secondary antibodies, Well-keratinized epidermis with initial epidermal hypertrophy and a highly interdigitated dermal-epidermal junction. Bottom panel: Identification (arrows) of the implanted collagen-GAG substrate with low numbers of associated leukocytes, but not a dense infiltrate. Scale bar = 0.1 mm.
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FIG. 4. Immunofluorescence microscopy of clinical biopsies at 16 days after grafting for markers of native skin. Skin antigens were studied by immunohistochemistry to compare skin regenerated from cultured skin grafts to ungrafted skin from cadaver donors as controls for antigen distribution (see Table 11 ). Cell nuclei are labeled with propidium iodide for reference. and then were stained with avidin-fluorescein (AV-FITC). After specific staining with fluorescein, cell nuclei were stained with 500 ng/ml propidium iodide. Samples were examined by epifluorescence microscopy. Figure 1 shows the histologic appearance of the type of cultured cell-biopolymer skin analogue used in this study. Autologous epidermal keratinocytes and dermal fibroblasts are inoculated onto implantable collagen and GAG substrates. T h e epithelial component develops enucleate squamous outer layers, but keratinocytes attached to the substrate remain nucleated and cuboidal. T h e collagen-GAG material acts both as a culture surface and as a movable substrate for delivery of cells to wounds without disruption of cell-substrate attachments at the time of surgery.
Histology of Cultured Skin Grafts
PLASTIC AND RECONSTRUCTIVE SURGERY, April 1993
Patient Photographs the immune response is not a dense infiltrate. ~~i~h~l i~l i~~~i~~ of greater than half of the Three months after application of cultured skin grafted area (marked with has ocgrafts, two of these three patients had biopsies curred by 10 days after grafting (Fig. 2, top) . T h e I), and had 'flat remaining open areas develop islands of keratiepidermaljunctions, resolution of epidermal hynired epithelium that progress radially and copertrophy, and hue under alesce to close the wound. By 6 weeks after graftthe ing (Fig. 2, bottom) , the grafted site had a smooth external surface that was not raised compared to surrounding tissue, but was somewhat erythematous relative to uninjured skin. After reformation, the epidermis does not blister, and has good mechanical strength against lateral and perpendicular forces of moderate magnitude.
Histology at 2 Weeks
Histologic evaluation of the developing tissue at 14 days after grafting shows the highly interdigitated DEJ that is characteristic of this material at this timepoint (Fig. 3, top) . Also at 2 weeks, the epidermis is somewhat hypertrophic, and the implanted collagen-GAG substrate is identifiable. Figure 3 (bottom) shows the distinctive reticulations of the collagen-GAG implant are associated with small numbers of leukocytes, but
Immunohistochemistry o f Epidermal Dgerentiation, DEJ, and dermis At 16 days after grafting, all seven markers of human skin that were investigated were found to be expressed. Markers of epidermal differentiation, involucrin (Fig. 4A) and filaggrin (Fig. 4B) , were expressed in suprabasal keratinocytes, but more than in the native skin control (Table 11) . Lamellar bodies representing epidermal barrier function are also present by 2 weeks after grafting (not shown).
More importantly, components of basement membrane, collagen type IV (Fig. 4C ) and laminin (identical to collagen IV, see Table 11 ), stain intensely and specifically at both the DEJ and around blood vessels. These distributions are homologous with native skin control (Table 11) . By 16 days after grafting, continuous and intense staining for collagen VII (Fig. 4 0 ) accounts for absence of blistering of regenerated epidermis. T h e epidermis is both well interdigitated and biologically adhered to connective tissue. Collagen VII identifies the DEJ, but not the vascular plexus in regenerated connective tissue. Markers of normal human dermis, fibronectin (Fig. 4E) , and chondroitin-sulfate (Fig. 4F) are also found in the healing connective tissue at 16 days after grafting. Although the distributions of these markers are not identical to control skin (Table 11) , their expression suggests that multiple components of dermis develop in new connective tissue.
Anchoring Fibrils after 2 Weeks
Anchoring fibrils at 2 weeks occur frequently, but are not highly organized, as shown in Figure   5 . Together with the results of immunohistochemistry of collagen type VII, this suggests that formation and development of anchoring fibrils is continuing at this timepoint. By comparison, after 3 months, dense and continuous distributions of anchoring fibrils (not shown) account for the clinical observations that epidermal blistering does not occur with this kind of cultured skin graft.
Collagen-GAG Degradation at 2 Weeks, New Collagen at 3 Months
Metabolic clearance of the biopolymer implant at 2 weeks results from degradative actions of macrophages, lymphocytes, and granulocytes on the biopolymer implant, as shown in Figure 6 . Macrophages actively phagocytize the collagen-GAG biopolymer implant, whereas adjacent fibroblasts are exposed to paracrine cytokines from macrophages that stimulate collagen synthesis and deposition. Lymphocytes are associated with biopolymer implants by 2 weeks, but the condensed chromatin in the nucleus of this cells suggests it is not activated. Replacement of the biopolymer implant with new fibrous collagen at 3 months after grafting is performed by fibroblasts that arrive in the site either by transplantation or by migration from the woundbed. Figure 7 shows that similar to native dermis, the new collagen formed in the connective tissue by 3 months is distributed in orthogonal array, or a "basketweaven pattern. This pattern of collagen is easily distinguished from the highly aligned and parallel collagen bundles of scar. FIG. 5 . Transmission electron microscopy of cultured skin biopsies showing DEJ, anchoring fibrils (AF) and anchoring plaques (AP) at 2 weeks after grafting of cultured skin grafts. Two weeks after grafting, anchoring fibrils and anchoring plaques seem incompletely formed and in relatively low frequency, but account for the absence of epithelial blistering after healing. Scale bar = 1 pm.
Data presented here support the hypothesis that rapid closure of skin wounds can be accomplished with a composite material fabricated from autologous epidermal and dermal skin cells attached to an implantable, collagen-based substrate. Biologic attachment of epidermal cells to the substrate allows: (1) easy handling and delivery of cells for grafting; (2) elimination of enzymatic treatment of epidermal cell sheets at the time of surgery; and (3) application of epithelial and mesenchymal cells in a single operative procedure in analogy to split-thickness skin. This cultured cell-biopolymer model of skin satisfies many of the criteria for skin substitutes described by Pruitt and LevineP2' although certain factors, including cost effectiveness and outcome, are not considered here. Combination of cultured skin cells with a collagen-GAG substrate utilizes principles described by Yannas and B~r k e ,~~, *~ but with important distinctions. T h e Yannas model consists of an acellular collagen-GAG sponge 2 to 3 mm thick covered on one side with silicone rubber as a temporary barrier to fluid loss and infection. Clinically, it is applied to excised wounds, allowed to vascularize, and then the silicone barrier is replaced with a thin epidermal autograft in a second operative procedure. Because of its thickness and pore structure, that material is not suitable for simultaneous application of epithelial cells in place of the silicone layer. In contrast, single application of stratified epithelium on a collagen-GAG substrate requires a total thickness of the graft no greater than 0.5 mm. '6.'7 This allows survival of the epithelium by diapedesis during vascularization of the substrate. Use of cultured epithelium removes the limitation imposed by donor site availability that is required by an acellular implant.
Culture of epidermal keratinocytes on a graftable substrate allows initiation in vitro of the complex system of structural proteins known as the DEJ. T h e DEJ extends from vinculin and talin as the intracellular binding sites for actin and intermediate filaments of keratinocytes through the plasma membrane, through integ r i n~,~O ,~l to laminin21,32 and k a l i n i r~~~ of the lamina lucida, to collagens IV and V of the lamina densa, to collagen VII of anchoring fibrils and anchoring p l a q~e s , * O .~~ to fibronectin and collagens I and I11 in dermis.22 This complex of proteins constitutes the mechanical bond between epidermis and dermis, and must be present to restore the strength of native epidermal tissue. Most of these proteins are known to be synthesized by keratinocytes in and are deposited at the cell-substrate interface. It is also understood that the neutral protease, dispase, which is used to release sheets of epithelial cells from culture vessels before grafting,4,5 acts by digestion of collagen IV and fibronectin at the cell-substrate junction.36 Therefore, a clear distinction can be made between enzymatic release of cultured epithelial sheets immediately before grafting and delivery of cultured epithelial sheets on a dermal analogue with cell-substrate attachments intact. Elimination of the enzymatic treatment of cultured epithelial sheets is concluded to facilitate reformation of functional DEJ, contribute to improved epidermal strength, and account for the absence of blistering in epidermal tissue reformed from composite grafts as supported indirectly by the present study.
Although epidermal tissue regeneration has been demonstrated and is now available commercially, reports of dermal tissue regeneration on burn wounds are f e~.~-' O T h e presence of degrading collagen-GAG implant in a noninflamed wound at 2 weeks after grafting demonstrates the biocompatibility of the biopolymer material. T h e absence of the implant in biopsies at 4 weeks after grafting suggests that it is completely degraded within 1 month, which is in agreement with previous s t~d i e s .~.~~ Current limitation of broad utilization of this model for burns and plastic surgery results from highly variable initial engraftment (15-65 percent) that can be attributed to deficiencies in: (1) optimal keratinization and viability of epithelium in the cultured graft; (2) woundbed vascularity by pretreatment with allograft skin versus fresh excision to subcutaneous fat; (3) microbial contamination that destroys cultured skin; and (4) choice and administration of antimicrobial drugs on the recipient site during the first 4 to 7 days after g~-a f t i n g .~' .~~ Solutions to the limitation of variable engraftment are expected to result from improved biologic homology of composite cultured skin grafts with split-thickness skin, rapid and uniform angiogenesis into the dermal component of the cultured graft, and delivery to the graft site of antimicrobial drugs with low toxicity to cultured cells and high toxicity to burn o r skin wound microorganisms. With rates of engraftment that approach splitthickness skin (>90 percent), the advantages of reduced donor sites, fewer surgical procedures, and shorter hospitalization after major burns may be realized. Skin anatomy and expression of histiotypic markers of epidermis, DEJ, and dermis described in this report provide evidence that functional full-thickness skin can be restored with composite cultured grafts applied to excised burns in a single procedure. 
